ABSTRACT: Many essential cellular processes including endocytosis and vesicle trafficking require alteration of membrane geometry. These changes are usually mediated by proteins that can sense and/or induce membrane curvature. Using spherical nanoparticle supported lipid bilayers (SSLBs), we characterize how SpoVM, a bacterial development factor, interacts with differently curved membranes by magic angle spinning solid-state NMR. Our results demonstrate that SSLBs are an effective system for structural and topological studies of membrane geometry-sensitive molecules. B iological membranes exhibit diverse shapes, and there is a growing body of evidence that membrane topology plays key roles in many cellular processes.
B
iological membranes exhibit diverse shapes, and there is a growing body of evidence that membrane topology plays key roles in many cellular processes. 1, 2 For example, cellular processes such as endocytosis, vesiculation, organelle synthesis, and cell division require transient membrane remodeling with a high degree of spatial and temporal accuracy. Further, entry of some bacteria and viruses into human cells also involves alteration of membrane structure. 3 Recently, it was discovered that the curvature of the membrane bilayer can regulate the enzymatic activity (e.g., human ArfGAP1, tafazzin), 4, 5 and define the subcellular localization, of some proteins (e.g., bacterial development factors SpoVM and DivIVA). 6−8 Increasingly, membrane geometry is viewed as an essential component of a microenvironment for membrane fusion and fission, protein localization, trafficking, and signaling. 9, 10 Membrane rearrangement is often governed by proteins that can sense and/or induce membrane curvature (e.g., BAR domain-containing proteins, dynamin, and epsins), 11 but our understanding of the underlying molecular mechanisms of these processes remains rudimentary. Specifically, how do membrane geometry-sensitive molecules detect differences in curvature and how curvature affects their structures and membrane topology? In part, this gap in understanding is due to a lack of high resolution structural information in nativelike membrane environments having a wide-range of stable and precisely controlled curvature.
To date, liposomes are the most common system for the structural analysis of membrane proteins. While relatively homogeneous small (∼50 nm) and large unilamellar vesicles (∼100 nm) can be prepared to mimic highly curved membranes, the preparation of giant unilamellar liposomes (GUVs) has been difficult. GUVs are not stable and are usually polydisperse in size and degree of curvature, limiting their use in structural studies. 12 By contrast, spherical nanoparticle supported lipid bilayers (SSLBs), 13 first introduced in 1990, preserve many characteristics of cell membranes such as lateral fluidity, impermeability to ionic species, and flexibility along the fatty acyl chain. The absorbed lipids form a single bilayer and are separated from the solid supports by a thin layer of water molecules (∼20 Å, Figure 1 ). SSLBs can be prepared with welldefined curvatures (defined by the size of solid supports) and surface stiffness 14, 15 and have been used in biophysical studies of several bilayer-interacting peripheral membrane proteins. 16, 17 Here, we demonstrate the utility of SSLBs coupled with highresolution magic angle spinning (HRMAS) solid-state NMR (ssNMR) for structural studies of membrane curvaturesensitive molecules. This system proves to be ideal for defining the role of membrane curvature in modulating protein−lipid interactions.
As an initial test system, we have examined the protein−lipid interaction of SpoVM. SpoVM is a small (26 residue) peripheral membrane protein from Bacillus subtilis.
18 Under nutrient-limiting conditions, B. subtilis initiates a developmental pathway called sporulation in which a spherical internal organelle, termed the "forespore", is formed that protects the cell's genetic material from environmental insults. 19 SpoVM is among the first coat proteins that localize to the outer surface of the forespore to initiate coat assembly. In 2009, Ramamurthi et al. proposed that SpoVM exploits a novel mechanism for localization to the forespore. 8 Specifically, SpoVM senses, and preferentially binds to, slightly convex curved outer surface of the forespore (∼1 μm in diameter), determining its subcellular localization. 8 Recently we dissected the molecular details of its curvature sensing using a SSLB-based in vitro fluorescence assay ( Figure S1 ), solution NMR and molecular dynamics simulation. 20 Here we report direct structural studies of SpoVM in SSLBs with native-like curvature.
In solution the C-terminal 11 to 23 residues of SpoVM adopts an amphipathic α-helix that is deeply embedded into the membrane. 20 We rationalized that this is a result of its atypical helical structure that presents a large hydrophobic surface with only one positively charged residue, Arg17, on its polar face when bound to the membrane. As an initial test of this hypothesis, we replaced Arg17 with Asp (SpoVM R17D ) and determined that this variant mislocalized in vivo. 20 Structurally, SpoVM R17D adopts a similar α-helical structure to the wild-type protein in the presence of liposomes, as judged by circular dichroism ( Figure S2 ). The loss of in vivo activity of SpoVM R17D could be due to perturbations in its membrane insertion depth, as a consequence of losing the "snorkeling" effect of the Arg upon replacement with the Asp. 21 To address this, we compared the insertion depths of wild-type and R17D SpoVM variant using HRMAS spectroscopy and 1 μm SSLBs with native forespore-like curvature. Figure 2a To define the membrane insertion depth of SpoVM and SpoVM R17D , we exploited the saturation transferred difference (STD) NMR experiment. In our protein−lipid preparations the spin-diffusion process is very fast among protein protons, but it is slow between lipid protons that reside in different regions of the bilayer such as the headgroup, glycerol backbone, and acyl chains since it is mainly an intermolecular process. 22−24 Under these conditions, selectively saturating protein aromatic resonances rapidly equilibrates protein protons, and the degree of transfers between protein and lipid protons reflects their averaged proximity. The STD effects for SpoVM and SpoVM R17D peptides bound to 1 μm DMPC-coated SSLBs are shown in Figure 2b . For SpoVM, the maximum STD factor was on lipid H3 protons with substantial effects on the methyl and methylene protons of acyl chains and smaller effects on the headgroups. Conversely, the largest effect for SpoVM R17D was on lipid H4 protons and on protons of the glycerol backbone and headgroups, but only minimal transfer to the methyl and methylene protons of acyl chains. Thus, these data supported a model in which SpoVM inserts deeply into the membrane with its hydrophobic side chains interacting with lipid acyl chains, while SpoVM R17D insertion is shallower, due to the shorter and negatively charged Asp side-chain, mainly interacting with lipid head groups and glycerol backbones.
To examine whether membrane curvature affects insertion depth of these proteins, we collected STD data on highly curved 100 nm DMPC-coated SSLBs (Figure 2c ). On this membrane, both SpoVM and SpoVM R17D peptides showed similar large STD effects on protons in the lipid glycerol backbone and headgroup, suggesting shallow penetration. Further, at higher protein/lipid ratios, substantial reductions in resonance intensity as a result of increased line broadening were consistently seen on choline methyl protons upon peptide binding ( Figure S3) . Together, the results indicated that SpoVM and SpoVM R17D only shallowly insert into highly curved bilayers. Thus, our data provided direct experimental support that curvature can regulate insertion depth of membrane proteins, which in turn regulate protein activities. 25−29 We further sought to validate our solution NMR results, which were performed in planar bicelles, in the more native-like lipid environments of SSLBs. Figure 3 shows 2D highresolution 13 C− 13 C correlation spectra of SpoVM and SpoVM P9A , a functionally impaired variant that does not specifically recognize membrane curvature in vivo and in vitro. Both peptides can bind to the highly curved 50 nm DMPCcoated SSLBs. Based on their characteristic chemical shifts, several resonances of SpoVM and SpoVM P9A were readily assigned ( Figure 3a,b) ; their C α secondary shifts (red in Figure  S5 ) are in agreement with their secondary shifts observed in isotropic bicelles (black in Figure S5 ). In addition, Ala9 C α and C β chemical shifts at 55.5 and 18.2 ppm and the change of Thr5 resonance positions from 62.2 and 69.5 ppm for SpoVM to 65.9 and 72.8 ppm for SpoVM P9A were consistent with a structural rearrangement of N-terminal residues from a loop in SpoVM to an α-helical conformation in SpoVM P9A . These data support our earlier conclusion that disruption of SpoVM helix by Pro9 is necessary for SpoVM curvature sensing. 20 An overlay of SpoVM spectra bound to SSLBs and liposomes showed remarkably similarity and comparable resolution ( Figure S6 ). These observations indicate that the presence of a support does not affect the protein structure. The stability of SSLBs during sample spinning is validated by their typical chemical shift powder patterns of the static 31 P spectra collected before and after MAS experiments ( Figure S7 ). Furthermore, SpoVM binding does not alter the bilayer structure ( Figure S8 ), since SpoVM only functions as a curvature-sensing molecule and does not tabulate or vesiculate membranes. Together, these observations indicate that SSLBs are suitable for structural studies by MAS ssNMR.
In summary, our study demonstrates that SSLBs are an effective model system for structural and topological characterization of membrane geometry-sensitive molecules by MAS ssNMR. The spectral resolution is comparable to that from liposomes, and spectral sensitivity is adequate for studying protein−lipid and lipid−lipid interactions. Furthermore, we provide direct experimental evidence that bilayer curvature can affect the insertion depth of peripheral membrane proteins. N-labeled SpoVM (a) and SpoVM P9A (b) bound to DMPC-coated 50 nm SSLBs. The data were collected on an 800 MHz Bruker NMR instrument with 35 ms mixing time,10 kHz spinning speed, 1.5 s recycle delay at 15°C (sample temperature) for increased spectral sensitivity. The total acquisition time was about 36 h. Temperature-dependent static 31 P NMR spectra indicate no lipids are detached from these SSLBs to form small discoidal structures in the gel phase ( Figure S4 ).
